In this work, we investigated the concentration effects on the encapsulation of prilocaine (PLC), an aminoamide local anesthetic, into a small unilamellar liposome, at physiological pH. On the line of our previous work, we have carried out Molecular Dynamics (MD) simulations using a coarse grain (CG) model that allow us to reach the microsecond time scale. At physiological pH there is a partition between protonated and neutral PLCs. In order to estimate the protonated/neutral PLC ratio at physiological pH (7.4), we have used the Henderson-Hasselbach equation. We have studied three PLC:lipid molar concentrations, ranging between 10:10 to 1:4. We essentially found that all neutral PLC molecules rapidly diffuse into the hydrophobic region of the vesicle adopting an asymmetric bimodal distribution. Moreover, protonated PLC molecules partition between the external monolayer of the vesicle and the water phase, having a high rate of exchange between this two phases, with no access to the inner part of the liposome in a concentration dependent way. In this way, we found that the behavior of PLCs at physiological pH is a combination of high and low pH, especially at low concentration of local anesthetics.
INTRODUCTION
The development of safer and more effective local anesthetics (LA)-pain relief drugs-has come a long way since the earliest experiments with cocaine. 2 Nowadays, a growing number of new anesthetics are used in medicine and odontology. The structure and physicochemical features of each LA determine drug potency, onset of action of sensory block and toxicity. 3 However, the relatively short duration of analgesia-due to their transfer and redistribution from the site of injection-still restricts their clinical use for the treatment of chronic pain. 4 In the last decades the development of LA drug-delivery systems made possible to manipulate some biopharmaceutical and pharmacological properties of LA, improving their therapeutic effects (long duration of action associated to low systemic toxicity) and pointing them as promising alternatives to favor the clinical use of LA agents. 3 4 Liposomes-spherical vesicles consisting of one or more phospholipid bilayers-are currently used as effective drug carriers. For example, there are vesicle formulations for antitumor anthracyclines, 5 antifungal 6 and many others. 7 8 Liposomes are very versatile structures: their * Author to whom correspondence should be addressed.
physicochemical properties can be modified by changing the types of lipids and their proportions in the liposomal formulation, the size of the vesicle, the charge of the surface (positive, negative, or neutral), the pH sensitivity, temperature sensitivity, etc. 8 In this way, liposomes can be carriers for hydrophilic or hydrophobic compounds. The size of the liposomal vesicles significantly influences drug distribution. 9 10 The encapsulation of LAs into liposomes for drug-delivery purposes has been proposed for the first time by Gesztes et al. 11 Nowadays, diverse studies have been demonstrated the clinical effectiveness of liposomal formulations containing different anesthetics. 12 13 The advantages of encapsulating LA in liposomes are the slow drug release, prolonged anesthetic effect and reduced toxicity towards the cardiovascular and central nervous systems. 4 Intensive research is focused on anesthetics trapped into liposomes, in order to enhance their activity and pharmacokinetic properties. 4 It is important to remark that the pH of a parenteral infusion is found between 4 and 8.
14 The reason for that is related with the patient's acceptance: infused solutions of pH smaller than 3 cause pain and phlebitis, and pH greater than 8 cause inflammation and venous irritation. In particular, most of LAs are weak bases with pKA values between 7.5 and 8.8. 15 In this way, a partition between their charged and uncharged forms is found at physiologic pH. This partition could be quantified by the Henderson-Hasselbach equation,
The values between [..] represent the molar concentrations of neutral and protonated species, respectively. The knowledge of the interaction of LA with lipids is essential in order to improve the use of liposomes as LAs drug carriers. Many techniques are used in order to elucidate these interactions. [16] [17] [18] In particular, fully atomistic molecular dynamics (MD) simulations are very powerful to study the interaction of anesthetics with model membranes, as shown for the number of articles in the literature. 17 19-22 However, it is not possible to reach these detailed studies for big systems and long times. In this way, the use of simplified models could help us to reach important phenomena. Very recently, we have studied the encapsulation of LA prilocaine (PLC, see its chemical structure in Fig. 1(A) ) into a liposome using a Coarse Grain (CG) model. 1 In this study we considered the PLCs at their neutral (high pH) and protonated (low pH) state. Regarding the importance of the formulations at physiological pH, here we extend our simulations in order to take this effect into account. At physiological pH there is a partition between neutral (nPLC) and protonated (pPLC) prilocaine molecules. The ratio of this partition was, pPLC/nPLC, was estimated as ∼ 1.6, taking into account the apparent pKa of PLC in membranes is 7.6 23 and a pH of 7.4 in HendersonHasselbach equation (Eq. (1)). We studied three concentrations of PLC that meet this ratio. It is important to keep in mind that the protonation/deprotonation of the PLCs is a dynamical process. However, as a first approximation we consider only a fixed number of neutral and protonated species in our simulations. In next section we describe the methodology used in this study, followed by the results and conclusions.
METHODOLOGY
In this work, we carried out molecular dynamics simulations using a coarse grain model within the MARTINI force field 24 that can be used to investigate macromolecular phenomena at the microsecond scale. [25] [26] [27] [28] [29] [30] [31] This method aims at a systematic and portable representation for water, phospholipids, and other small molecules in terms of a few building blocks, or coarse grained (CG) particles. These CG particles interact with potential parameters optimized for use in a broad range of biomolecular applications. Four heavy atoms to one CG particle mapping rule is generally followed, and hydrogen atoms are neglected because of their small size and mass. This model considers four main types of CG particles: polar (P), nonpolar (N), apolar (C), and charged (Q). In Figure 1 , we show an scheme of the CG 1-palmitoyl-2-oleoyl-snglycero-3-phosphatidylcholine (POPC) lipid and the CG PLC molecule, used in his work. The prilocaine molecules have been parameterized in our previous work, within this scheme. 1 The structure of the neutral PLC (nPLC) is essentially the same of the protonated one (pPLC). However, the type of CG particles and charge are different, in order to consider the charge of the protonated molecule. Besides, a chloride counterion was added in order to form a salt with pPLC. The rest of the CG particles for lipids, water, and ions follow the standard force field. For a detailed description of force features and parameters, see Ref. [22] . We have used the P4 model of water, instead the new developed polarizable water 32 in order to be consistent with our previous work.
In this work we study the encapsulation of a mixture of neutral and protonated PLC-in order to emulate the partition of protonated and neutral species as fisiological pH-in a POPC lipid vesicle. We considered three different concentrations that respect the 1.6 ratio: (a) 54 pPLC and 34 nPLC, (b) 88 pPLC and 55 nPLC, and (c) 141 pPLC and 88 nPLC.
The chosen concentrations were thought in order to compare with our previous work:
1 the (a) condition represents the same lipid:PLC ratio (10:1) used in the simulations of the previous work, the (b) condition has the same amount of pPLC, even though in the presence of the correspondent number of nPLC and (c) condition has the same amount of nPLC, even though in the presence of the corresponding pPLC. 1 The starting point for this simulation was a preassembled POPC vesicle, containing 877 lipids (254 and 623 for the internal and external monolayer, respectively), 81550 P4 water particles. The PLCs were initially (randomly) distributed in the water phase for the case (a) (lower concentration). Besides, chloride counterions were always added randomly in the water phase, in the same concentration than pPLC, in order to ensure electroneutrality
The following cases were built up by addition of the extra molecules into the external water phase, starting from the equilibrated previous case. We have equilibrated the systems for 250 ns within the NPT ensemble. After equilibration, we run the system in the NVT ensemble for 1 s.
The simulations were carried out with the GROMACS 4.0 simulation package, 33 using a simulation timestep of 40 femtoseconds with a nonbonded and electrostatic cutoff of 12 Å. The reference temperature was set to 325 K using a Berendsen thermostat with a time constant of 1.0 ps. For NPT runs, Berendsen pressure coupling was used with a reference pressure of 1 bar, time constant 5.0 ps and a compressibility of 3 × 10 −5 bar −1 . On a computational note, we report that a fully atomistic representation of the same systems would need around a million atoms to be run with a typical simulation timestep of 2 femtoseconds. As drug diffusion and adsorption phenomena involve characteristic scales of tens of nanometers and hundreds of nanoseconds, we conclude that extensive fully atomistic simulations reaching the microsecond of such phenomena are impractical even using big supercomputers, leaving coarse grained force fields the only feasible models.
RESULTS
In this work, we have studied the encapsulation of three different concentrations of prilocaines, with the same pPLC/nPLC ratio: going from ∼ 1:10 (case a) to 1:4 lipid:LA ratio (case c), into a POPC lipid vesicle. Here, we discuss the main results of our study.
It is important to highlight here that most of the studied observable properties are converged during the NPT equilibration period. In this way, properties shown here are averaged at the stationary state of the system. In order to have a first glance to the encapsulation mechanism, we visually check the stability of the vesicle and the diffusion of the drug. In Figure 2 , we show, as an example, three snapshots that corresponding to case (a). The nPLC and pPLC are represented in green and red, respectively, and water and couterions sites were removed for visualization purpose. In this figure, the snapshot (A) corresponds to the initial configuration: the PLCs were randomly distributed in the water phase. The other two snapshots were taken at the end of the NPT equilibration run t = 0 25 s and at the end of the NVT run t = 1 25 s. Snapshots B and C clearly show that most of the nPLCs quickly diffused into the vesicle during the equilibration period, and remained inside during the whole simulation time, while the pPLC partition into both phases. Similar results were found for cases (b) and (c) (snapshots not shown).
In order to check the overall organization of the systems under study and the stability of the vesicle we computed the radial electron density profile (REDP), by time averaging the net charge Q r (the nuclear charge corresponding to all of the atoms represented by each CG site) contained in the volume between consecutive spheres, by
In Figure 3 we show the REDP of the 3 different systems under study: (a) 54 pPLC-34 nPLC, (b) 88 pPLC-55 nPLC, and (c) 141 pPLC-88 nPLC calculated by averaging over the 1 s NVT simulations run. In this figure, the REDP corresponding to the POPC and water components is shown in black and blue, respectively. Comparison of the overall organization of water and vesicle and their interfaces show no noticeable difference between the three cases. In these figures, the pPLCs (in red) and nPLCs (in green) densities have been magnified 5 times for visualization purposes. We can notice that nPLC molecules are essentially found inside the vesicle, following a bimodal distribution for the three cases (as found in previous work 1 ). By the other hand, pPLC molecules partitioned between the water/lipid interface of the external monolayer and the water phase, with no access to the bilayer center. Looking to the different groups (ring and tail) of the pPLC molecules, we find a preferential orientation of the pPLC molecules (results not shown), with the ring pointing to the lipid tail region and the pPLC tail to the the polar head groups. This fact was better described in previous publication for the low pH case, and we will not enter deeper here. On the contrary, nPLC does not show a preferential orientation inside the lipid membrane.
Until now, we got the qualitative idea that nPLCs are essentially found inside the vesicle and pPLC partition between both phases. We calculate the number of PLC molecules absorbed by the vesicle as a function of time, using r = 75 0 Å, as external vesicle radius, which is the averaged over the NVT simulation time radius. In Figures 4(A) and (B) we have separated the nPLCs and Table I we summarized the average numbers of nPLC, pPLC and the total number of PLC encapsulated into the vesicle.
We found a little decreases of this number (from 20.7 to 19.2), when compared with the system with the same amount of pPLC, but in absence of nPLC. In this way, the presence of nPLC slightly diminishes the possibility of pPLC to get inside the vesicle.
The distribution of PLCs inside the vesicle was shown in Figure 3 . However, because of the spherical geometries of the system, density is difficult to visualize. In this way, we have calculated the average number of PLCs (center of mass) as function of the distance to the vesicle center. The protonated case is shown in Figure 5 : (A) case (a), (B) case (b), (C) low pH case from Ref. [1] and (D) case (c). We can see from these figures that a main peak is found for the anesthetics inside the vesicle. The maxima are found essentially at a radius of ∼ 69 Å. Its position does not change with concentration but the intensity does. We can see that these peaks extend more than the 75 Å. 1 This could be explained, by the interactions of the external pPLC close to the surface, that interact with the lipid polar head. In this way, an effective encapsulation is found, ranging at the radius of 80 Å. However, in average, the extra encapsulation is quite low (∼ 1-2 pPLC molecules). It is important to remark here that exist a fast exchange of pPLC between the vesicle and the aqueous phase for all the studied concentrations. 1 Besides, as found in previous work, pPLCs cannot access to the inner monolayer by diffusion.
The numbers of nPLCs (center of mass) as function of the distance to the vesicle center are shown in Figure 6 : (A) case (a), (B) case (b), (C) high pH case from Ref. [1] and D-case (c). As we mention earlier, we observe two well defined peaks that correspond to the partition of nPLC in each of the monolayers: the inner (D 1 ) and outer (D 2 ) peaks, that correspond to the nPLC partitioned into the internal and external monolayer, respectively. We can see that both peaks increase with concentration, however the maxima remain at the same distance of the bilayer center (∼ 39 Å, and ∼ 65 Å, respectively). We have calculated the number of nPLC partitioned in each of the monolayers. Taken into account the asymmetry of the monolayers we use as a criteria the cut radius as the middle of the gap in Figure 5 (A) (54 Å) and used this difference for all the cases. Because of the asymmetry of the monolayers, it is more adequate to compare the number nPLC per lipid (nPLC lip , shown in Table II . It is important to keep in mind that from the experimental point of view, it was reported in the literature a very high lipid:neutral LA ratio (3:1 or higher). 16 18 We can see from Table II that the number of nPLC lip increases with concentration. Furthermore, the nPLC lip is higher for the inner monolayer for all the concentrations. Besides, if we compare the case (c) in which the number of nPLC is 88 (and 141 pPLC) with our earlier paper (Ref. [1] ) in which only 88 nPLC where present, also presented in Table II , we can see that an increase of the inner nPLC lip (from 0.137 to 0.146) with a concomitant decrease of the outer monolayer (from 0.084 to 0.081). However these little differences are not meaningful within the error bars. By the other hand, looking at the nPLC center of mass trajectories, we can see crossing events of these molecules between monolayers for all the studied cases. These crossing events were already reported, 1 17 34 here we will not enter in more details. The effects of the solutes on the conformation of the lipid chains can be studied by monitoring the average orientation of the covalent bonds of the effective sites located in the interior of the bilayer. In this way, we have, also, studied the order parameter of the lipid tails. In this case, because of spherical symmetry of the system, we have Table II . Number of neutral per lipid, nPLC lip , in internal and external monolayers and ratio between the number of nPLC corresponding to peaks D 1 (internal monolayer) and D 2 (external monolayer), for the 3 concentrations, the same information of the system at high pH was also included. defined the angle between the vectors of consecutive sites of the lipid tails and the radial versor,r and −r, for the outer and inner monolayer, respectively. We have named the vectors between the consecutive CG sites as r i i = 1 4 for the palmitoil chain, and r j j = 1 5) for the oleoyl chain, as shown in Figure 1(B) . We have calculated the average the order parameter through the averaging of the second Legendre polynomial over all lipids and time for each of the described vectors, as
In Figure 7 , we show the generalized order parameter for saturated (left panels: (A) and (C)) and unsaturated (right panels: (B) and (D)) chains, for the inner (top panels) and the outer (bottom panels) shell of the liposome. As an overall view of this figure, we can notice (as expected) that the tails of the outer monolayer are more organized that inner one. The reason for that is related with the curvature and the limiting factor for the vesicle density. There is important to point out that the unsaturated tail is always more disorder that the saturated one due to the kinks of the trans-gauche conformation. 35 Respect to the concentration effects, we can see an overall organization of the lipid tails, from case (a) to case (b). However, essentially no changes of chain organization were observed between case (b) and (c).
CONCLUSIONS
In this work we have studied, by molecular dynamics simulations, the interaction of the local anesthetic prilocaine with small liposomes at physiological pH using a coarse grain model. 25 The use of a coarse grain model allowed us to reach relevant time and length scales of drug diffusion, otherwise impossible to observe using fully atomistic molecular dynamics. Very recently, we have studied the encapsulation process of neutral (high pH) and protonated (low pH) prilocaine in a POPC vesicle. 1 This work shed light in many aspects of the encapsulation. However, it is undoubtedly the necessity of the understanding this kind of system at physiological pH, since the pH of an infused solution should be in the range 4 to 8 to have a good patient acceptance. Moreover, the existence of the two species of PLC is needed in order to obtain the desire clinical effects: neutral molecules acts as a reservoir, while the protonated specie enhanced the exchange of the LA with the water phase. At physiological pH, there is a partition between neutral and protonated PLCs species. In this direction, and as a first step, we have worked with three concentration corresponding to pH 7.4.
The studied concentrations range between ∼ 1:10 to 1:4 were calculated through the Eq. (1). Nevertheless, the rigidity of the used model do not allow the protonation/ deprotonation processes during the simulation run.
The behavior of PLCs at physiological pH was found essentially as a combination of high and low pH: we found that all neutral PLC molecules rapidly diffuse into the hydrophobic region of the vesicle adopting an asymmetric bimodal density distribution. With concentration, the peaks position remain the same, however increase in concentration per lipid, especially on the external monolayer. By the other hand, protonated PLC are found to partition between the external monolayer and the water phase. Most of protonated drug present a great exchange between the vesicle and water phase (attaching/detaching cycles). No major difference was found in the studied concentration range. At higher simulations we observed that the increase of neutral species slightly precludes the protonated species to enter. In this study we have compared the physiological pH conditions studies with the high and low pH published before.
As a final remark, we would like to mention that molecular dynamics simulations are a very powerful tool to investigate different aspects of the encapsulation/liberation processes regarding the development/understanding the drug delivery systems at the nanoscale.
